Abstract: In the active-site cavity of vanadium haloperoxidases vanadate as the prosthetic group is solely fixed by one covalent bond to a histidine residue and embedded in a supramolecular environment of extensive hydrogen bonds. Structural aspects of relevant vanadium complexes with supramolecular interactions, including assemblies with chiral hosts, are presented. The importance of hydrogen-bonding relays is presented together with relevant examples. The reactivity of related functional mimics containing vanadium and molybdenum toward the oxidation of thioethers is described. Computational modeling based on density functional theory (DFT) is used for the investigation of model systems. The resulting implications for structure and function of vanadium haloperoxidases, including their substrate and cofactor specificity, are discussed.
INTRODUCTION
The biological and pharmacological significance of vanadium compounds has stimulated current interest in relevant vanadium chemistry. This is related to the discoveries of the insulin-like effect of vanadium compounds and the presence of vanadium in the prosthetic group of certain haloperoxidases and nitrogenases [1, 2] . Key features for the understanding of how vanadium acts in biological systems are associated with the chemical analogy between vanadates and phosphates [3] on the one hand and with the supramolecular interactions through hydrogen bonding on the other hand [4] .
Both features are closely related to the biological systems of vanadium-dependent haloperoxidases (V-HPOs) for which the first example was reported in 1984 by Vilter [5] . Since then, several other V-HPOs have been found in marine algae as well as in some fungi and lichens. For some of these systems, the structures have been determined by X-ray crystallography, namely, for the vanadium-dependent chloroperoxidase (V-CPO) isolated from the terrestrial fungus Curvularia inaequalis [6] and the bromoperoxidases (V-BPOs) isolated from the brown algae Ascophyllum nodosum [7] and the red algae Corallina officinalis [8] . The active-site structure of the V-CPOs and the V-BPOs are similar as far as the first interaction sphere is concerned. Moreover, the overall structure seems to be rather rigid as the comparison with the structures of the apoprotein and the vanadate and tungstate derivatives of V-CPO suggests [9] . The representative schematic structure of the V-CPO active site derived from C. inaequalis is depicted in Fig. 1 . This group of enzymes plays an important role in synthesizing halogenated organic compounds in natural environments. V-HPOs are enzymes that catalyze the oxidation of halide ions by hydrogen peroxide to the corresponding hypohalous acids. These oxidized intermediates then readily halogenate organic substrates or convert hydrogen peroxide to singlet oxygen [10] . In addition, these enzymes are also capable of catalyzing the peroxidic oxidation of organic sulfides to sulfoxides [11] . Although a considerable number of experimental [12, 13] and theoretical [14] [15] [16] [17] studies have led to a significant advance in the understanding of the catalytic mechanism of V-HPO enzymes, there are still important issues that are unresolved. These issues are closely related to the molecular structure of the vanadate moiety in the active site, including its protonation state and the actual protonation sites [16] , and how the differences in reactivity between V-CPO and V-BPO come about [18] . Of particular interest in this context is the role of the hydrogen-bonding network given by the protein matrix on structure and mode of action of the vanadate cofactor [4] .
Another intriguing feature is the exceptional functional specificity of vanadate as cofactor for V-HPOs. The simplest functional model would be to employ solely the cofactor vanadate(V) [19] . On the other hand, it was found that molybdate(VI) is actually about 45 times more reactive than vanadate(V), a surprising fact that was explained by the ability of molybdate(VI) to form reactive oxo-diperoxo species [20] . Vanadate(V) is also able to form oxo-diperoxo species that nevertheless are not able to oxidize bromide ions [21] . For the enzymatic system the reconstitution of the apoprotein with molybdate(VI) instead of vanadate(V) as cofactor does not recover any catalytic activity, as was shown for the V-BPO from A. nodosum [5] . This is even more surprising given the fact that for structurally similar systems like the V-CPO from C. inaequalis and the acid phosphatase from Escherichia blattae the relevant tungstate(VI) [9] and molybdate(VI) assemblies [22] , respectively, have been crystallographically characterized.
In contrast to the enzymatic system, functional and structural model compounds for V-HPOs generally neglect the influence of supramolecular interactions present in the protein matrix. As we believe this to be an important feature, most certainly governing structural aspects and the mode of action of V-HPOs, we recently started to address this point by utilizing synthetic and theoretical methods to study relevant model systems. In this paper, recent results along this line are summarized. [6] .
SUPRAMOLECULAR MODEL SYSTEMS
The small-molecule model chemistry of vanadium(V) complexes relevant for the haloperoxidase enzyme and its vanadate cofactor is well established [1] . We have recently started to investigate appropriate extensions toward supramolecular assemblies utilizing the versatility of the N-salicylidene hydrazide ligand system with the focus on the structural and functional properties of the resulting systems [4, [23] [24] [25] [26] . These tridentate chelate ligands can coordinate the vanadium moiety in either their mono-or dianionic forms. In Fig. 2 , the schematic structures of relevant ligands are shown, which contain a functionalized side chain that is capable of generating supramolecular interactions with the coordinated moiety.
This ligand system is generally capable of supporting both oxo-and dioxovanadium(V) complexes and, moreover, also allows for the variation of the protonation state of the resulting complex leading to neutral or anionic vanadium(V) species depending on the reaction conditions [4, 23] .
For the ammonium salts of the dioxovanadium(V) complexes with ligands containing ω-hydroxyl side chains, interesting supramolecular structures have been obtained. In Fig. 3 , the relevant structure for an example with medium chain length is depicted. Interestingly, variation of the side chain length does not lead to a change in the basic structure, as the ammonium cation is involved in a bridging hydrogen bond relay between the hydroxyl side chain and the vanadate moiety. Although hydrogen bonding is a common feature for vanadium compounds in the solid state, if appropriate hydrogen-bonding donors are present [27] , in the context of modeling supramolecular interactions of vanadate species relevant for biological systems, the number of known examples is rather limited [4] . Interestingly, supramolecular assemblies with hydrogen-bonding relays between the functionalized side chain and the vanadate moiety turn out to be a rather general feature for complexes with side chain functionalized N-salicylidene hydrazide ligand systems. In Fig. 4 , two particularly interesting examples are shown. The first structure exemplifies the possible interaction with a peroxo group, resembling interactions discussed for the peroxo form of the V-CPO enzyme [28] . The second structure, derived from an amino acid derivative, is an example for protic solvent molecules, like alcohols, as hydrogen-bonded linker to oxo groups of vanadium model complexes.
In addition to the hydrogen-bonding relay, the phenylalanine derivative also contains a center of chirality next to the vanadium moiety. The latter feature can also be found in model complexes with ligands derived from sugars [25] and supramolecular assemblies with chiral hosts like cyclodextrins (CDs) [26] . The phenylalanine-based model complex also exhibits efficient catalytic properties with respect to haloperoxidation and sulfoxidation, which could be attributed to the influence of the free ammonium group in the vicinity of the vanadium center. It is interesting to note that even higher catalytic activity is observed for the related molybdenum(VI) complex based on a Boc-protected β-alanine derivative depicted in Fig. 5 [29] . This is an efficient catalyst for the peroxidic oxidation of sulfides, but does not show any enantioselectivity. However, if the vanadium(V) complex of a slightly modified Schiff-base ligand based on a sugar derivative is utilized, it is possible to achieve moderate enantiomeric excess depending on the substrate and the employed oxidant [30] . Interesting supramolecular host-guest assemblies can be obtained with CDs, if a vanadium(V) complexes with a ligand containing a biphenyl group in the side chain is employed (Fig. 6) . Depending on the ring size of the CD host, different assemblies are formed. For β-CD, a 1:1 inclusion compound can be isolated [26] , whereas for the smaller α-CD, two rings forming a hydrogen-bonded, head-tohead dimer host the hydrophobic biphenyl side chain of the complex [31] . It is interesting to note here that both inclusion compounds retain their structural integrity in solution as demonstrated by NMR spectroscopy. Hydrogen bond is drawn as a broken line [29] . 
COMPUTATIONAL MODELS
Based on several theoretical studies, significant advances have been achieved concerning the basic understanding of the catalytic mechanism operating in small vanadate models of the V-HPO enzymes [15, [32] [33] [34] . Nevertheless, the importance of the hydrogen-bonding network present in the supramolecular environment of the enzymatic systems of V-HPOs has widely been neglected when addressing relevant aspects related to their mode of action in model systems. Based on the fact that the high catalytic activity of the vanadate cofactor in these enzymes is caused by the interaction through the hydrogenbonding network with the specifically tailored active-site pocket, the utilization of a reasonably sized approximation of the direct protein environment in terms of a model matrix is needed to address related questions. The setup of such a model matrix seems to be appropriate, as for the structure of the activesite pocket a rather high degree of rigidity is observed when various crystal structures are compared. Utilizing the model matrix for the active-site pocket of V-HPOs depicted in Fig. 7 , we have investigated the protonation behavior of the cofactor in the resting state of the enzyme [14] . Based on time-dependent density functional theory (DFT) calculations, it has been possible to identify the doubly protonated, monoanionic vanadate [VO 2 (OH) 2 ] -(O2 and O4 protonated) as the most likely cofactor in the resting state, by comparison with the experimental UV/vis spectrum for V-CPO. This finding is supported by a number of theoretical studies ranging from small active-site mimics [33] to CPMD/MM (CPMD = Car-Parrinello molecular dynamics; MM = molecular mechanical) studies taking account of the protein shell [17] . Nevertheless, there is also some recent controversy, driven by QM/MM (QM = quantum mechanical) investigations, on both the actual protonation sites at the vanadate and the overall protonation state of the cofactor. In one case, a triply protonated, neutral vanadate moiety with an axially coordinated water and one hydroxyl group in the equatorial position is assumed to be the resting state [35] . Whereas another study, despite favoring a doubly protonated form of the resting state, assumes a difference in protonation sites leading to a [VO 3 (H 2 O)] -species with an axially coordinated water [36] . However, a recent QM/MM study comparing calculated 51 V NMR shift parameters with experimental data confirms the doubly protonated, monoanionic vanadate [VO 2 (OH) 2 ] -as being the most likely candidate for the cofactor in the resting state of V-CPO [37] . Nevertheless, it is interesting to note that two additional models have been put forward in this study, Fig. 7 : O2 doubly and O3 singly protonated).
Based on the results presented recently and discussed in this contribution, including the relevant cited data from literature, the general reaction scheme depicted in Fig. 8 is proposed for the catalytic cycle of the halide oxidation by V-HPOs.
Several aspects concerning the role of specific amino acids located in the active-site pocket (Ser402, His404, and Lys353) are worth noting here. For cases in which an equatorial hydroxyl group is present in the vanadate cofactor, the Ser402 residue most likely functions as a hydrogen-bonding acceptor for this hydroxyl group of the vanadate cofactor. This is also consistent with the fact that the Ser402 is the only acceptor within hydrogen-bonding distance for the equatorial oxygen atoms. This residue is thereby capable of defining the orientation of the [VO 2 (OH) 2 ] -moiety in the active-site pocket. In any case, the Ser402 is certainly not involved in halide binding.
The His404 residue is proposed to be protonated in the resting state. Together with the doubly protonated vanadate this leads to a situation that represents a latent apical water molecule. It should be possible to bring this masked water molecule to action by subtle changes in the electronic structure of the vanadate cofactor, which might be triggered by an initial stimuli like the incoming substrate hydrogen peroxide (or even the halide ion), since strong hydrogen-bonding donors stabilize the resting-state situation of a latent water molecule, i.e., the proton located at the His404. In fact, this might also explain why the newly reported triple mutant P395D/L241V/T343A of the V-CPO of C. inaequalis is operating at a considerable higher pH optimum [13] , as the hereby introduced aspartate residue Asp395 can be expected to reduce the hydrogen-bonding ability of possible donors (e.g., Arg360) toward equatorial oxygen atoms.
Unlike the situation observed for model complexes, where a protonation is required to initiate the formation of the peroxo species, the enzyme affinity toward hydrogen peroxide is even increasing at higher pH values. This is consistent with the proposed high degree of protonation for the resting state of the enzyme, thereby offering all essential prerequisites for the transformation without any additional proton source. Moreover, based on the pK a values of hypohalous acids and histidine, it can be assumed that the enzyme thus does not need to take any particular precaution to facilitate the availability of protons. Therefore, formally a proton and a halide ion X -are added in a successive manner during the cycle. Nevertheless, a general feature needed, not only in the formation of the peroxo form of the enzyme, but also in the control of the halide oxidation step, are proton-transfer reactions, which might be facilitated by proton transmitters or acid-base catalysts as is exemplified by the proton relays observed for the model complexes.
Besides the basic considerations concerning the mode of action of the V-HPO system, there are two additional intriguing features of this system, namely, the specificity toward the processed halide ion as V-CPO and V-BPO are compared and the strict cofactor preference for vanadate, despite the superior reactivity of molybdate.
The halide specificity has been argued to possibly originate from differences in the outer sphere of the active-site structure evident from the crystallographic data obtained for V-CPO from C. inaequalis [6] and V-BPO from A. nodosum [7] . It was proposed that the His411 residue present in the structure of V-BPO, which aligns with Phe397 in V-CPO, should be responsible for the observed differences in reactivity. In Fig. 9 , the structural difference with respect to the vanadate cofactor and the lysine residue in the active-site pocket (Lys353 in V-CPO and Lys341 in V-BPO) is depicted. It was originally suggested by Weyand et al. that this can be attributed to an additional direct proton donor/acceptor interaction with the peroxo form of the cofactor [7] , where the latter is found to be oriented toward the Lys353 [28] .
On the basis of DFT investigations on a small peroxovanadate mimic for the reaction with halide ions, Zampella et al. have argued that reducing the polarizing ability of the employed RNH group, modeling the role of Lys353, by additional anionic counterions strongly diminishes the ability of the cofactor toward halide oxidation. Consequently, they proposed that the possible additional hydrogen bond from the lysine to the histidine could buffer the polarizing power of the Lys353 [34] .
In fact, detailed DFT investigations for an extended model system, with hydrogen-bonding relay from histidine over lysine toward the peroxo form of the vanadate cofactor, including charge flow analysis clearly show that the electrophilicity of the not involved oxygen atom of the peroxo group can be triggered by the underlying relay. This is particularly obvious as the variation in charges and relevant parameters of bond critical points for corresponding transition states are compared. The results suggest Overlay of the active-site structure of V-CPO from C. inaequalis [6] and V-BPO from A. nodosum [7] . The Lys353 residue in the vicinity of the vanadate cofactor is denoted according to the V-CPO notation, whereas the difference in the second sphere given by the His411 in place of a Phe397 residue is denoted according to the original V-BPO and V-CPO notation, respectively. that subtle differences in the arrangement of the hydrogen-bonding pattern allow for the tuning of the degree of activation of the peroxo group within the active-site pocket of V-HPOs.
In order to understand why the enzymatic system prefers vanadate(V) instead of choosing the catalytically more active molybdate(VI) as cofactor, DFT calculations on model systems mimicking the initial steps in formation of the peroxo form have been performed. Based on recent results, the most likely mechanism follows a dissociative reaction path starting from a triply protonated vanadate [VO 2 (OH)(H 2 O)] (cf. Fig. 7 : O2 doubly and O3 singly protonated) [16] . The structures of the initial steps along this path are depicted in Fig. 10 .
The results obtained show that the oxo-diperoxo species [MoO(O 2 ) 2 Im] is indeed more catalytically active than the dioxo-monoperoxo species [MoO 2 (O 2 )Im] consistent with experimental evidence [20] . However, the spatial environment of the VHPO active site is tailored to a monoperoxo species. Calculations investigating the halide oxidation activity of the molybdenum(VI) monoperoxo species allow the conclusion that [MoO 2 (O 2 )Im] exhibits some catalytic activity-apparently a contradiction to earlier results reported by Vilter obtained from studies on the V-BPO system [5] . Presumably, the actual reason for the inactivity of "molybdenum bromoperoxidase" might be that no peroxo species is formed in the first place.
Ongoing studies hence explore the formation of the molybdenum monoperoxo species [38] . The first and central step of the dissociative mechanism is the cleavage of water (Fig. 10 ) and the subsequent attack by hydrogen peroxide. Since molybdenum generally supports larger coordination numbers as compared to vanadium, it can be assumed that it prefers an associative reaction mechanism rather than the dissociative favored for vanadium. In order to verify this claim, structures of several stationary points on the potential surface along the reaction coordinate for this first dissociative step of the catalytic cycle were calculated for both the vanadium and the molybdenum species (Fig. 10) 
CONCLUSIONS
For the structure and reactivity of the vanadate cofactor in V-HPOs, the supramolecular environment given by the protein matrix is a key feature. A series of vanadium complexes capable of modeling the supramolecular interactions found for vanadate in biological systems has been presented. This includes well-established host-guest systems of appropriate complexes with CDs for which both the solution and the solid-state structures have been determined. A particular feature of model complexes containing side chain functionalized N-salicylidene hydrazide ligand systems is the generation of hydrogen-bonding relays including the vanadate moieties. This is a feature also relevant for functional aspects of the V-HPO enzymes. Vanadium and molybdenum complexes with related ligands are found to be functional mimics, which in particular are capable of catalytically oxidizing thioethers. Based on our theoretical results, a picture of the mode of action of the V-HPO systems is presented, that includes interpretation of some specific roles of amino acid residues of the active site interacting with the vanadate cofactor. The specific reactivity of V-CPO and V-BPO with respect to the oxidation of the halide ion substrate can be explained in terms of a hydrogen-bonding relay. This relay extends from a histidine residue (His411 in V-BPO) in the second coordination sphere of the cofactor via the catalytically important lysine residue (Lys341 in V-BPO; Lys353 in V-CPO), which in turn is in hydrogen-bonding contact with the vanadate cofactor. Moreover, computational modeling based on DFT has been used to demonstrate the differences in reactivity of vanadate and molybdate cofactor with respect to the V-HPO enzymatic environment. Finally, the presented examples clearly show that V-HPO enzymes are supramolecular hosts with important prerequisites to appropriately fine-tune the relevant mode of action by hydrogenbonding relays.
